In 
Introduction 45
External application of direct electrical current to the head is one of the oldest 46 techniques used to modulate cortical excitability. The non-invasive version of direct 47
Physiological effects of tDCS 89
Early investigations of the physiological effects of tDCS and recent computational 90 models of current induction in the cortical tissue by tDCS suggest that short-term 91 polarization with tDCS can change membrane excitability rather than actually induce 92 action potentials. In this regard, anodal tDCS increases membrane excitability (i.e., 93 increases resting membrane potentials) while cathodal tDCS hyperpolarizes membrane 94 potentials. It is thus, important to recognize that tDCS can mediate almost immediate 95 changes in membrane excitability, which impacts the response of the involved neural 96 circuit to any incoming inputs, and also mediate activity-dependent changes synaptic 97 transmission properties when coupled with some behavioral training (Nitsche et al., 98 2008) . Recently, it was demonstrated that anodal tDCS mediates its physiological effects 99 by long-term synaptic potentiation (LTP) due to activity-dependent release of brain 100 derived neurotrophic factor (BDNF) (Fritsch et al., 2010) . Since BDNF is important for 101 mediating translation and transcription associated with protein synthesis for LTP it is 102 understandable that offline memory consolidation and long-term retention can be 103 specifically improved by anodal tDCS. 104
It is also important to highlight the potential interaction between physiological effects of 105 tDCS and homeostatic neural plastic mechanisms because cortical excitability 106 modulation by tDCS may produce some modification in the threshold for long-term 107 synaptic potentiation (LTP) and long-term synaptic depression (LTD). Synapses that are 108 at a higher level of excitation, likely to occur with conditioning by anodal tDCS, can havecontrary, synapses at a lower level of baseline excitability, likely to occur with 111 conditioning by cathodal tDCS, can have a lower threshold for LTP, thus making 112 subsequent LTP induction more probable (this is in accordance with the Bienenstock-113
Cooper-Munroe (BCM) rule). This form of homeostatic plasticity is an essential 114 mechanism for neurons to prevent an uncontrolled increase in synaptic effectiveness. 115
Moreover, it has important implications regarding the application of tDCS to facilitate 116 neuroplasticity, as related to motor learning, because it determines appropriate 117 modulation of cortical excitability of brain regions involved in the given functional task 118 performance. 119
Polarity-specific effects of tDCS over the motor cortex on specific neurotransmitters 120 were recently investigated using magnetic resonance spectroscopy (MRS) (Stagg et al., 121 2009) . MRS is an imaging technique that allows the estimation of different 122 neurotransmitter concentration such as gamma amino butyric acid (GABA), glutamate, 123 etc. These results showed that 10 min of anodal tDCS over left M1 specifically reduced 124 GABA levels in the cortex while cathodal tDCS reduced glutamate levels coupled with 125 correlated decreases in GABA levels. Recently, Stagg et al. (2011) The results showed that 10 minutes of anodal tDCS modulated high frequency 217 oscillatory activity in beta (15-30 Hz) and gamma (60-90 Hz) in the functional EEG 218 synchronization based connectivity metric during performance of a simple finger 219 tapping motor task not only in electrodes over the stimulated motor cortex, but also inbilateral frontal, parietal and premotor cortical regions compared to sham stimulation. 221
On the other hand, with the higher spatial resolution of fMRI, it was possible to show 222 that 10 min of anodal tDCS actually increased short range connections from M1 to 223 premotor and parietal cortical regions, while concomitantly increasing inter-224 connectedness in prefrontal cortex in resting brain dynamics (Polania et al., 2011) . 225
Interestingly, recent studies also compared changes in fMRI during simultaneous tDCS 226 application during data acquisition in the MRI scanner ("on-line" approach, Kwon et al., 227 2008; Antal et al., 2011) . In the first study (Kwon et al., 2008) anodal tDCS was applied 228 over left M1 during grasp-release hand movements using 4×21 s stimulation phases 229 (resting-tDCS-tDCS-tDCS-tDCS). No cortical activation was detected in any of the 230 stimulation phases except the fourth tDCS phase. Activation was found not only under 231 the electrode but also in the left supplementary motor cortex and the right posterior 232 parietal cortex. However, in this study cathodal stimulation was not applied. Therefore, 233 in another study although a tendency toward decreased activity could be seen. In the control 243 experiment, in which the electrodes were place over left and right occipito-temporo-244 parietal junction, neither cathodal nor anodal stimulation resulted in a significant 245 change of BOLD signal during finger tapping in any brain area including SMA, premotor 246 cortex, and M1. 247
Taken together, these findings provide further support for the notion that tDCS applied 248 over a specific cortical region, like M1, induces widespread changes of cerebral activity 249 at cortical and subcortical levels and alters functional connectivity between this cortex 250 and motor association cortices. 251
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Future directions 254
While these recent studies provide some insight about potential network-level 255 neuroplastic modulation by localized application of tDCS over M1, it is evident that our 256 understanding of neuroplastic alterations induced by tDCS is far from complete. Future 257 studies are needed to systematically investigate the polarity-specific changes in brain 258 network dynamics induced by tDCS in order to provide a plausible mechanistic account 259 of neuroplasticity and explain behavioral neurophysiological changes that are 260 modulated by tDCS. Furthermore, this approach can help examine homeostatic 261 plasticity induced by tDCS at the level of brain networks, an important phenomenon for 262 the application of tDCS in treating diseases known to have pathological altered cortical 263 excitability (i.e. stroke). An important point to be noted here is that the analyticalapproach used to describe and quantify brain dynamics significantly influences the 265 inferences that can be drawn from the data. Most of the recent studies described 266 above, including graph theoretical analysis, used connectivity-model based analyses to 267 describe changes in brain network dynamics. However, using model-free, data-driven 268 approaches in the future, like independent component analysis (ICA), may also be 269 important to initially identify specific networks modulated by tDCS in an unbiased 270 manner. 271
Moreover, brain network analytical approaches are useful tools to noninvasively 272 evaluate not only the functional changes induced by tDCS but also to track the effects of 273 other noninvasive stimulation methods that have also been reported to produce 274 neuroplastic alterations in the human brain (e.g., transcranial random noise stimulation, 275 transcranial alternating current stimulation and TMS). 276
All these approaches will have important implications in future clinical applications of 277 tDCS as well as help define noninvasive markers of neuroplasticity. 278
In summary, such combined approaches to study and quantify neurophysiological 279 processes associated with neuroplasticity are critical to help identify, monitor and 280 potentiate neuroplasticity that is crucial for functional recovery in patients suffering 281 from brain lesions like stroke and traumatic brain injury. In fact, in the years to come, 282 methods of characterizing network dynamics and properties using non-invasive 283 neuroimaging techniques may have significant value in advancing our understanding of 284 the computational processes performed by the brain during human cognition and with one electrode over M1, and other over contralateral supraorbital region); b) M1 398 tDCS mediates polarity-specific changes in cortical excitability (shown as a motor evoked 399 potentials i.e. MEPs expressed as a ratio to baseline) that outlasts duration of 400 stimulation up to 40 minutes, and c) also leads to changes in behavior such as motor 401 learning on a serial reaction time task (SRTT 
